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limitations	 of	 individual	 transect	 studies	 have	 recently	 been	 highlighted.	 Here,	 we	
argue	that	replicating	and	networking	transects,	along	with	the	introduction	of	experi-
mental	 treatments,	 addresses	 these	 concerns.	 Transect	 networks	 provide	 cost-	
effective	and	robust	insights	into	ecological	and	evolutionary	adaptation	and	improve	
forecasting	of	ecosystem	change.	We	draw	on	the	experience	and	research	facilitated	




climate	change.	A	particular	challenge	 is	 scaling	up	knowledge	 from	
detailed	 local	 studies	 to	understand	ecological	dynamics	 at	 regional	
scales.	 Large-	scale	 transects	 that	 traverse	 major	 climate	 gradients	
have	been	recently	highlighted	as	useful	platforms	for	climate	change	








est	 in	 environmentally	 driven	 biotic	 change,	 with	 a	 proliferation	 of	
large-	scale	 transect	 studies	 since	 the	 late	1960s	 (Figure	1).	Two	de-
cades	later,	a	global	series	of	subcontinental	scale	transects	was	estab-
lished	under	 the	 International	Geosphere-	Biosphere	Program	 (IGBP)	
by	the	Australian	Transect	Network	to	demonstrate	our	case,	with	examples,	to	clarify	
how	 population-	 and	 community-	level	 studies	 can	 be	 integrated	with	 observations	
from	multiple	transects,	manipulative	experiments,	genomics,	and	ecological	modeling	
to	gain	novel	insights	into	how	species	and	systems	respond	to	climate	change.	This	
integration	 can	provide	 a	 spatiotemporal	 understanding	of	past	 and	 future	 climate-	
induced	changes,	which	will	inform	effective	management	actions	for	promoting	biodi-
versity	resilience.












of	 climate	 change	on	 species	 and	 ecosystems	 has	 resulted	 in	many	
independent	 studies	 using	 spatial	 bioclimatic	 change	 as	 a	 proxy	 for	
temporal	 climate	 change	 (Blois,	 Williams,	 Fitzpatrick,	 Jackson,	 &	












resilience,	 particularly	 in	 relation	 to	 climate	 change.	 Consequently	
bioclimatic	 transect	 research	 addresses	 the	 following	 fundamental	
questions:
1. To	 what	 extent	 is	 phenotypic	 variation	 linked	 to	 climate,	 and	
how	 much	 is	 variation	 determined	 by	 genetics	 vs.	 plasticity?














vironmental	 gradients	 (Metz	&	Tielbörger,	 2016).	Thus,	 caution	 is	 re-











evolutionary	 adaptation	 associated	with	 climate	 change	 at	 the	 con-
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countries	wishing	to	understand	the	responses	of	species	to	changing	
climates.
Taking	 globally	 derived	 principles,	 demonstrated	 using	 specific	
case	 studies	 from	 the	ATN,	we	 highlight	 in	 the	 study	 the	 import-
ant	 insights	that	can	be	derived	from	transect	research	at	both	 in-
traspecies	 (i.e.,	 phenotype	 and	 genetic	 variation)	 and	 interspecies	
(i.e.,	community)	levels,	and	the	importance	of	combining	these	two	
levels.	We	 also	 summarize	 key	 aspects	 of	 transect	 design	 to	miti-
gate	shortcomings	of	transect	methods	and	highlight	the	future	op-
portunities	provided	by	such	approaches	through	the	application	of	
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2  | INSIGHTS FROM TRANSECT STUDIES




2.1 | Studying Climate Change Within Species
Discounting	migration,	populations	have	three	main	modes	of	climate	
change	 response:	 (1)	 plasticity,	 involving	 environmental	 phenotype	
alteration	to	increase	fitness	(Anderson	&	Gezon,	2015);	(2)	epigenet-








Identifying	 causal	 relationships	 requires	mechanisms	 to	 explain	
relationships	between	environmental	and	phenotypic	variation	(e.g.,	









sticky	 hop	 bush,	 Dodonaea viscosa	 (hereafter	 Dodonaea). Dodonaea 
exhibited	clinal	variation	 in	 leaf	area,	narrowing	with	 increasing	 tem-








with	 most	 change	 occurring	 since	 1950	 (Guerin	 &	 Lowe,	 2013).	
Whether	 the	phenotypic	 cline	observed	 in	Dodonaea	 is	 the	 result	of	
























primarily	 driven	 be	micro-	evolution	 (i.e.,	 changes	 in	 gene	 frequency)	
(Visser,	 2008).	 Advances	 in	 observing	 micro-	evolutionary	 processes	
of	 climate	 adaptation	 have	 been	 made	 through	 studying	 fruit	 flies	
(Drosophila)	 along	 the	 East	 Australian	 Drosophila	 Transect	 (EADrosT;	
Figure	2)	 (Hoffmann	 &	 Weeks,	 2007;	 Rane,	 Rako,	 Kapun,	 Lee,	 &	
Hoffmann,	2015).	Genetic	differentiation	among	populations	has	been	





changes	 have	 been	 shown	 to	 be	 adaptive.	 For	 example,	 cold	 tem-
peratures	 led	to	selection	on	body	size	and	winter	egg	retention,	and	
geographic	patterns	 in	genetic	 changes	were	associated	with	 climate	








in	 species	 composition	 (Figures	4,	 5).	Measures	 of	 species	 turnover	
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different	 communities	might	 respond	 to	 future	 climate	 change.	 For	






(SWATT)	 was	 positively	 correlated	 with	 rainfall,	 but	 beta	 diversity	
(spatial	 turnover)	was	 consistently	 high	 at	 local	 and	 regional	 scales	
(Gibson,	 Prober,	Meissner,	 &	 van	 Leeuwen,	 2017),	 suggesting	 spe-
cies	turnover	is	at	least	partially	driven	by	neutral	processes	such	as	









Bioclimatic	 transects	 are	 particularly	 useful	 for	 identifying	








mesic	 eucalypt	woodlands	 to	 arid	Acacia	woodlands	was	 detected	
on	the	SWATT	(Butt,	Horwitz,	&	Mann,	1977).	The	identification	of	
such	 climate	 sensitive	 zones	 and	 biomes	 is	 particularly	 important	
for	 conservation	 planning	 and	 prioritization.	The	 transects	 used	 in	








investigating	 community	 responses	 to	 interacting	 climatic	 and	 land	
use	 variables.	 For	 example,	 plants	 at	 intermittently	 livestock-	grazed	
sites	across	the	Box-	gum	East-	West	Transect	(BoxEW;	Figure	2)	were	
compositionally	more	 similar	 to	 the	dry	end	of	 the	gradient	 than	 to	
ungrazed	sites.	Characteristic	taxa	from	drier	woodlands	(e.g.,	grasses,	











atic.	 Covariation	 of	 many	 variables	 (e.g.,	 temperature,	 rainfall,	 soil,	
land	use)	with	geographic	distance	(Meirmans,	2015)	makes	it	difficult	
to	interpret	patterns	across	single	transects,	even	when	manipulative	












with	 adaptation	 across	 species	 (and	 transects),	 this	 suggests	 that	
there	are	only	a	few	genetic	solutions	available	to	cope	with	climate	
change	 (Bell	 &	Aguirre,	 2013;	Yeaman	 et	al.,	 2016).	 Conversely,	 if	
many	genes	or	combinations	of	genes	are	adaptive	across	replicated	
gradients,	there	could	be	substantial	flexibility	in	genetic	responses.	
Studies	 in	 three	eucalypt	 species	 across	 the	SWATT	and	Victorian	
Eucalyptus	Adaptation	Transect	(VEAT)	have	demonstrated	that	ad-
aptation	 to	 climate	 is	 a	 genome-	wide	phenomenon	 involving	mul-






Studies	on	 single	 transects	might	 identify	a	 correlation	between	
environment	and	some	biotic	response,	but	they	are	also	potentially	af-
fected	by	evolutionary	and	ecological	processes	that	are	disconnected	
from	 adaptive	 processes.	 For	 example,	 habitat	 fragmentation	might	
limit	gene	flow	and	therefore	the	spread	of	adaptive	genes	across	a	
landscape	 (Breed,	 Ottewell,	 Gardner,	 &	 Lowe,	 2011).	 Differences	
between	populations	might	 then	be	 interpreted	as	 representing	ad-
aptation,	whereas	 they	 could	 simply	 reflect	 neutral	 divergence	 that	
happens	to	match	an	abiotic	gradient	in	a	continuous	manner	(Warren	
et	al.,	 2014).	This	problem	can	be	 reduced	 through	 integrating	mul-





tions.	 In	 this	 situation,	a	 single	 transect	would	 inadequately	capture	
the	environmental	driver	of	interest	(Travis,	Brooker,	Clark,	&	Dytham,	
2006).	Analyzing	data	from	multiple	transects	can	also	disentangle	the	
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relative	contribution	of	neutral	(e.g.,	migration—isolation	by	distance)	

































sima	 along	 the	BATS	 revealed	 genetic	 differentiation	of	 coastal	 and	
upland	genotypes,	with	substantial	mixing	at	mid-	elevations	(Rossetto	
et	al.,	 2011).	 Germination	 trials	 showed	 significant	 interactions	 be-
tween	genotype	and	germination	temperature	in	growth	cabinets	and	
field	conditions,	where	coastal	and	upland	genotypes	showed	highest	





















4  | NEW AVENUES FOR 
TRANSECT RESEARCH







to	 understand	 neutral	 and	 adaptive	 processes	 in	 plants	 (Christmas,	
Biffin,	 Breed,	&	 Lowe,	 2016b;	 Steane,	 Potts,	McLean,	 Prober	 et	al.,	
2014;	Steane	et	al.,	2017)	and	the	nature	of	genetic	changes	within	




2012),	 but	 are	 likely	 to	 be	 significant	 (Palumbi,	 Barshis,	 Traylor-	
Knowles,	&	Bay,	2014).	For	example,	epigenetic	changes	have	been	




lish	causal	 relationships	between	molecular	 changes	and	 trait	varia-
tion	 along	 transects	would	 entail	 rearing	 organisms	 across	multiple	
generations	under	common	conditions	to	 identify	epigenetic	effects	
and	 reciprocal	 transplants	 or	 controlled	 manipulation	 experiments	





4.2 | Next generation ecological models
Recent	 advances	 in	 forecasting	 range	 dynamics	 and	 distribu-
tions	 of	 species	 have	 focused	 on	 integrating	 physiological	 toler-
ance,	 adaptive	 potential,	 dispersal,	 metapopulation	 dynamics,	 and	
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species	interactions	(Fordham,	Akçakaya,	Brook	et	al.,	2013;	Fordham,	




wide	spatial	coverage	of	bioclimatic	 space	and	 temporal	 replication	







improving	 the	 reliability	 of	 ecological	 predictions	 and	 understand-
ing	of	eco-	evolutionary	dynamics	 (Thuiller	et	al.,	2013).	Resampling	
transect	 networks	 provides	 opportunities	 to	 quantify	 how	 species	
















and	phenotypic	variation	can	be	 linked	 to	 improve	species	distribu-
tion	models	 and	 to	 forecast	 changes	 in	 biodiversity	 and	 ecosystem	
function.	By	 integrating	these	approaches	 into	a	unified	framework,	
we	can	improve	our	understanding	of	contemporary	biodiversity	re-




ATN.	 The	ATN,	 LTERN,	 and	 eMAST	 are	 facilities	 of	 the	 Terrestrial	







ness	 is	maintained	along	a	bioclimatic	gradient	of	 increasing	 latitude	
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Intercomparison	Project,	and	the	climate	modeling	groups	developed	















Bioclimatic gradient:	 A	 continuous	 change	 in	 one	 or	more	 climatic	
variable(s)	 with	 associated	 change	 in	 biodiversity.	 For	 example:	 a	
mesic	woodland	transitioning	to	an	arid	grassland.
Biome:	A	category	of	large-	scale	ecosystem	determined	by	the	struc-
ture	 of	 the	 dominant	 vegetation,	 such	 as	 savanna	or	 tundra.	 Biomes	
could	comprise	a	number	of	constituent	ecological	communities.





















(or	 all)	 of	 a	 climate	 gradient	 and	 might,	 therefore,	 display	 greater	
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adaptive	potential.	Specialist	species	occupy	narrow	niches	and	could	
be	less	likely	to	persist	if	environmental	conditions	change.
Nonlinear change:	 Change	 occurring	 on	 a	 gradient	 associated	with	




tion	 in	phenotype.	Variation	 involves	changes	 in	one	or	more	 func-
tional	 trait(s)	without	 changes	 in	 gene	 frequency.	 Plastic	 responses	
can	be	temporary	or	permanent	for	an	organism’s	life.	Genotypes	vary	
in	 their	 plasticity,	 and	 evolution	 and	 plastic	 responses	 can	 occur	 in	




Replicated transects:	 Statistically	 independent	 transects	 traversing	
similar	environmental	gradients.	Replicated	transects	can	occupy	dif-
ferent	 spatial	 scales	 (e.g.,	 a	 short-	scale	 altitudinal	 transect	 and	
continental-	scale	gradient)	but	should	be	otherwise	analogous.
Tipping point:	The	point	(in	geographic	or	climate	space)	at	which	con-
tinuous	 change	 in	 a	 single	 environmental	 factor,	 or	 coalescence	 of	
multiple	factors,	reaches	a	threshold	prompting	a	major	ecological	dis-
junction	(e.g.,	a	transition	from	one	biome	to	another).
Tolerance:	The	ability	of	an	individual,	genotype,	species,	community,	
or	biome	to	persist	in	the	face	of	extrinsic	change.
Transect network:	An	arrangement	of	 transects	placed	across	sepa-
rate	environmental	gradients	on	which	the	same	or	analogous	variables	
can	be	measured	to	develop	generalized	models	of	change.	Transect	
networks	could	include	replicated	transects	as	well	as	transects	across	
different	gradients	(e.g.,	aridity,	salinity,	anthropogenic	impact,	etc.).
